The capillary phase transitions of n-alkanes confined in a carbon nanotube are simulated for the first time using the gauge-cell Monte Carlo method with the configurational-bias scheme. At a subcritical temperature, the coexisting vapor−liquid phases are determined from a Maxwell construction along the adsorption isotherm, which exhibits a sigmoid van der Waals loop, including stable, metastable, and unstable regions. The confinement of an n-alkane in a carbon nanotube decreases its critical temperature, increases its critical density, and narrows its binodal curve.
There is considerable interest in the use of carbon nanotubes 1 as adsorbents, membranes, and molecular sieves because of their unique internal nanometric structure. 2 Molecular level computer simulation methods have been useful in investigating the properties of a fluid confined in nanotubes. Such methods provide a microscopic picture of a fluid in the interaction field of the confined space, and enable one to examine the underling physics. For example, there have been grand-canonical Monte Carlo (GCMC) and molecular dynamics simulations within carbon nanotubes of the adsorption of hydrogen, [3] [4] [5] [6] of the adsorption and diffusion of pure 7 and mixed 8 Lennard-Jones fluids, and of the adsorption and separation of hydrogen isotopes. 9 Much less explored are phase transitions inside carbon nanotubes. Fluids in nanopores exhibit a variety of states that differ from those of bulk fluids, such as layer transitions, freezing transitions, and capillary transitions, 10 as a result of the spatial confinement and the competition between fluid-fluid and fluid-surface interactions. Using a simplified model of a carbon nanotube as a smooth structureless cylindrical pore, capillary phase transitions have been studied by GCMC 11, 12 and by Gibbs ensemble Monte Carlo (GEMC). 13, 14 However, the GCMC method cannot be used to directly simulate coexisting phases and needs to be supplemented with a thermodynamic integration technique to calculate the grand potential. The GEMC method involves volume changes of the simulation cells, which cannot be performed for a structured periodic adsorbent, such as the nanotube of this study.
Recently the gauge-cell Monte Carlo simulation method has been proposed, 15, 16 which is superior to the GCMC and GEMC methods for the simulation of the complete adsorption isotherm, including the stable, metastable, and unstable regions. The coexisting phases can then be determined easily from the complete isotherm. However, thus far applications of the gauge-cell MC method have been focused on simple fluids, such as argon and nitrogen in smooth structureless nanopores. 15, 16 In this work, for the first time, we use the gauge-cell MC method to study the capillary phase transitions of a series of linear n-alkanes in a structured carbon nanotube, in which the carbon atom structure of the nanotube is included. This is different from previous studies, [11] [12] [13] 15, 16 in which the nanotube was considered to be a smooth structureless nanocylinder. Also, the configurational-bias scheme, [17] [18] [19] a recent advance in the simulation of chainlike molecules, has been employed. By this method a flexible molecule is grown atom-by-atom toward energetically favorable conformations, which is orders of magnitude more efficient than the traditional method of random growth. The configurational-bias scheme has been successfully applied in the studies of phase transitions and adsorption of alkanes and polymers. [20] [21] [22] [23] [24] Model and
Method. An open-ended (30, 30) single-walled carbon nanotube with a radius of R ) 2.034 nm is chosen for this study; the extension to other carbon nanotubes is straightforward. Note that, however, in a very narrow nanotube the system approaches one-dimensional behavior and there is no phase transition. The carbon atoms along the nanotube are described explicitly, but they are frozen during simulation. The n-alkanes are represented by the united-atom model in which each CH 3 or CH 2 group is treated as a single interaction site. The bond length is rigid and fixed at 0.153 nm. The interaction between the carbon atoms of the nanotube and each site of the alkane is modeled using the Lennard-Jones potential 4 ij [(σ ij /r) 12 -(σ ij /r) 6 ], as is the nonbonded dispersive interaction between the sites on different alkane molecules or sites within an alkane molecule that are separated by four sites. The well depths i /k B (k B is the Boltzmann constant) and collision diameters σ i used are given in Table 1 . 25, 26 The cross terms are obtained using the combining rules ij ) i j and σ ij ) σ i σ j . For propane and longer n-alkanes, the harmonic bond-bending potential 27 along three successive sites is modeled using 0.5k θ (θ -θ 0 ) 2 with the force constant k θ /k B ) 62500 K rad -2 and the equilibrium bending angle θ 0 ) 113.0°. For n-butane and longer n-alkanes, the dihedral torsion potential 28 along four successive sites is modeled using
The gauge-cell MC method can be viewed as a modification of GEMC. In GEMC the volumes of simulation cells change during simulation, which cannot be used here for the cell containing the periodic carbon nanotube. In the gauge-cell MC, two cells with fixed volumes are used. In this work, one cell contains the (30, 30) single-walled carbon nanotube of 3.074 nm in length, and periodic boundary condition is used in the axial dimension of the tube. The other cell is the so-called gauge cell, here a 5 nm × 5 nm × 5 nm cube with periodic boundary conditions in all three dimensions, containing the bulk fluid. The limited capacity in the gauge cell suppresses the density fluctuations of fluid in the nanotube and allows the fluid to be in a thermodynamically unstable state. The cutoff length used to evaluate the nonbonded Lennard-Jones energies was set to 1.537 nm, half the nanotube length. A total of 2 × 10 7 cycles were used in the simulation, with the first 10 7 cycles for equilibration, and the second 10 7 cycles for obtaining ensemble averages. Each cycle consists of four types of trial moves for n-alkane molecules, including displacement, rotation, and regrowth of a randomly chosen molecule in each cell, and the swap of a molecule between the two cells. Equivalent to the Widom test particle method, 29 from the swap the chemical potential of the bulk fluid in the gauge cell is estimated at no extra computational cost. This procedure is faster than previous gauge-cell simulations, 15, 16 in which the chemical potential in the gauge cell was determined from a series of separate GCMC simulations. In addition, the configurationalbias scheme [17] [18] [19] has been used to speed up the sampling of n-alkane molecules in the confined environment. A molecule is grown atom-by-atom trying not to overlap with the other atoms. In doing so, m (i ) 1 ... m, m was set to six in this work) random trial positions are generated with a probability proportional to exp(-U i int ), where ) 1/k B T and U i int is the internal energy at a position i including the intramolecular bond-bending and torsion potentials. From among these trial positions, one is selected with a probability exp(-
, where U i ext is the external energy including all nonbonded Lennard-Jones potentials. During this growing process a bias is introduced and is removed by adjusting the acceptance rules.
Results. Figure 1 shows the isotherms of methane in the (30, 30) At a subcritical temperature, we obtain complete isotherm with a van der Waals loop, which is related to capillary phase transition. The coexisting vapor-liquid phases are determined along the isotherm using a Maxwell equal area construction
, where V and L are vapor and liquid equilibrated phases, S V and S L are vapor and liquid spinodals. The regions of AV and DL are stable, of VS V and LS L are metastable, and of S V S L is unstable. The coexisting phases determined are shown in the figure as the solid circles linked by the dashed tie line. The solid curve is the binodal curve for methane confined in the nanotube drawn through the coexisting phases at 120, 140, and 160 K. However, at 180 K, the isotherm is a monotonic function of chemical potential without a van der Waals loop, which implies that 180 K is higher than the critical temperature of methane in the nanotube. Note that the critical temperature of bulk methane is 190.6 K. For comparison, GCMC simulations have also been carried out at two temperatures, 120 and 180 K. The red upper and blue lower triangles are for adsorption and desorption, respectively. At 120 K, capillary condensation and evaporation (red and blue dot-dashed lines) are clearly observed from the GCMC simulation with an IUPAC classified H1 type hysteresis. Hysteresis in the adsorption-desorption loop is associated with the mechanism of pore filling-emptying by capillary condensation-evaporation. The coexisting phases determined using the gauge-cell MC are between the capillary condensation and evaporation, i.e., inside the hysteresis loop. Though the phase transition should be located within the hysteresis loop, to determine the exact position from GCMC is not an easy task. With a very long GCMC run, the hysteresis loop might vanish so that the phase transition points could be determined. The advantage of the gauge-cell MC method is that the phase transition points can be determined easily, in addition to obtaining the complete adsorption isotherm.
In the stable regions AV and DL, and part of the metastable regions VS V and LS L where GCMC can be used, it gives results identical to those obtained with the gaugecell MC. However, GCMC cannot access the unstable region S V S L . It is expected that the hysteresis loop obtained from GCMC simulation would be reduced in size on increasing temperature from 120 to 140 K and then 160 K. At 180 K, the GCMC results do not exhibit hysteresis and are in agreement with the gauge-cell MC results, further verifying that there is no phase transition at 180 K and that the critical temperature of methane confined in this carbon nanotube is below 180 K. Above the capillary critical temperature, the isotherm is reversible, indicating that the distinction between the vapor and condensed liquid phases disappears. Figure 2 shows the snapshots of methane in the nanotube at 120 K at various adsorbed densities, from 0.048, 0.096, 0.144, 0.192, 0.240, 0.288, to 0.336 (g/mL) obtained by accumulating 50 widely spaced equilibrium configurations (nanotube not shown). At the lowest density, the preferred location of the methane molecules is in a single annular layer near the nanotube wall. With increasing density, the number of layers increases up to five, with each subsequent layer closer to the nanotube center. The solid-line arrow at the top of the figure is used to indicate that the gauge-cell MC method can be used to simulate the complete isotherm from stable to metastable and then to the unstable region. The broken-line arrows at the bottom of the figure represent the adsorption and desorption processes, respectively, that can be accessed by using GCMC. The dot-dashed portions of the lines indicate those regions inaccessible by GCMC. Consequently, from GCMC, one is unable to observe the snapshots with three and four annular layers along either the adsorption or desorption path. Capillary condensation or evaporation is commonly regarded as a secondary process, which is always preceded by adsorption or desorption, and a hysteresis loop usually appears in the multilayer range of a physisorption isotherm. All of these are seen in the sequence of simulation snapshots. Figure 3 shows the snapshots of methane locations in the nanotube at various adsorbed densities, from 0.048, 0.096, 0.144, 0.192, to 0.240 (g/mL), but at 180 K (nanotube not shown). At the lowest density, there is one annular layer near the nanotube wall, and with increasing density, the number of layers increases. Compared with the snapshots at 120 K, the distribution of methane molecules inside the nanotube is more dispersed, as is expected due to increased thermal motion. Since 180 K is above the critical temperature of capillary phase transition, the gauge-cell MC and GCMC give same results, and the complete isotherm and series of snapshots can be obtained by both simulation methods. Figure 4 shows the predicted isotherms for ethane, propane, and n-butane in the nanotube at various temperatures obtained using the gauge-cell MC method. For each alkane, adsorption is simulated at several subcritical temperatures, and the vapor-liquid coexisting points determined; in each case the highest temperature is above the critical temperature of the confined alkane, and the isotherm does not possess a van der Waals loop. Figure 5 compares the binodal curves for confined and bulk methane, ethane, propane, and n-butane. The circles and solid lines are for the confined alkanes from this work, and the squares and dotted lines are for the bulk alkanes obtained using GEMC simulations. 26 The critical temperatures T c and densities Γ c have been estimated by fitting the coexisting data to Γ ( ) Γ c + A(T c -T) (0.5B(T c -T) based on renormalization-group theory, 30 where + denotes liquid phase and -denotes vapor phase. The amplitudes A and B and the critical exponent are treated as adjustable parameters. Compared with the bulk alkane, for the confined alkane the capillary critical temperature is consistently lower, the critical density is higher, and the binodal curve is narrower.
Summary. The capillary phase transitions of n-alkanes in a carbon nanotube have been investigated for the first time using the novel gauge-cell MC simulation with the configurational-bias scheme. By obtaining the complete isotherm, including the stable, metastable, and unstable regions, the coexisting phases were determined. In the regions in which GCMC was applicable, consistent results between the gaugecell MC and GCMC were obtained. The capillary phase transition can be considered to be a surface-driven phase transition shifted from that of the bulk fluid resulting in a decreased critical temperature, an increased critical density, and a narrower binodal curve. This work presents the results for the short n-alkanes from methane to n-butane; the extension to longer n-alkanes is underway.
